T , A192 and A193 isolated from the soil of Sakhalin fir forest in Hokkaido, Japan were studied phenotypically, genotypically and phylogenetically. Analysis of their 16S rRNA gene and gyrB sequences and DNA base composition suggested that these isolates were conspecific and members of the genus Streptomyces. However, levels of 16S rRNA gene and gyrB sequence similarity between the isolates and the type strains of their closest relatives in the genus Streptomyces were no higher than 97.9 and 95.0 %, respectively, implying that these isolates were distinctive. Moreover, the results of DNA"DNA hybridization experiments and physiological characterization clearly differentiated these isolates from their closest neighbours. It is therefore concluded that these isolates represent a novel species of the genus Streptomyces, for which the name Streptomyces abietis is proposed. The type strain is A191 T (5NBRC 109094 T 5DSM 42080 T
While a number of cellulolytic microbes have been isolated from various environments and are known to contribute to cellulose biodegradation (Bhat & Bhat, 1997) , cultureindependent metagenomic studies have suggested that the majority of microbes in nature have not yet been cultivated or isolated (Amann et al., 1995; Buée et al., 2009) . Therefore, it is likely that many cellulolytic strains remain to be characterized, and it is necessary to isolate them to elucidate their role in cellulose biodegradation. We recently isolated cellulolytic bacterial strains A191
T , A192 and A193 from soil of a Sakhalin fir (Abies sachalinensis) forest located in Hokkaido, Japan. While analysis of partial 16S rRNA gene sequences as well as chemotaxonomic characteristics indicated that they belonged to the genus Streptomyces, it was suggested that they are distinct from known species. To precisely identify and place the isolates phylogenetically, analyses of entire 16S rRNA gene and DNA gyrase subunit B (gyrB) gene sequences, DNA base composition, phenotypic traits and DNA-DNA hybridization have been performed. Based on our results, we propose that strains A191
T , A192 and A193 represent a novel species of the genus Streptomyces.
Strains A191
T , A192 and A193 were isolated from soil of Sakhalin fir forest in Hokkaido, Japan (43u 319 N 142 029 E). The strains were isolated using mineral salts agar medium (pH 5.3) supplemented with a Whatman no.7 filter paper as the sole carbon source, according to the method described by Fujii et al. (2011) .
Genomic DNA was purified by the procedures described by Pospiech and Neumann (1995) . Bacterial cells of the isolates were grown in 100 ml YM broth (per litre: 10 g glucose, 5 g peptone, 3 g yeast extract and 3 g malt extract) for 1 week at 30 u C and harvested by centrifugation (3000 g for 10 min). The harvested bacterial cells were suspended in Tris-EDTA buffer (pH 8.0) and lysed with lysozyme (final concentration, 2 mg ml
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) and SDS (final concentration, 0.5 %). DNA was then recovered from the lysate by phenol/chloroform extraction, followed by RNase treatment, CTAB treatment and ethanol precipitation. Each procedure was performed twice to obtain highly pure DNA. Entire 16S rRNA (1454 bases) and gyrB (1197 bases) genes were amplified by PCR using KOD FX Neo DNA polymerase (Toyobo). The universal primer set corresponding to positions 8-27 (forward primer) and 1492-1510 (reverse primer) of the Escherichia coli numbering system (Weisburg et al., 1991) was used for 16S rRNA gene amplification, while the following pair of primers was used for gyrB amplification: UP1 (forward, 59-GAAGTCATCA-TGACCGTTCTGCAYGCNGGNGGNAARTTYGA-39) and UP2r (reverse, 59-AGCAGGGTACGGATGTGCGAGCCR-TCNACRTCNGCRTCNGTCAT-39) (Yamamoto & Harayama, 1995 The nearly complete 16S rRNA gene sequence of strain A191 T (1419 nt) was aligned with corresponding 16S rRNA gene sequences of known relatives (1414-1451 nt).
The gyrB sequence of strain A191 T (1178 nt) was aligned with corresponding gyrB sequences of known species (1177-1217 nt) . Bootstrap values (Felsenstein, 1995) of ¢70 % (1000 samplings) are shown at internodes. Bars, evolutionary distance (K nuc ) of 0.01. Streptomyces abietis sp. nov.
98 u C for 10 s, 54 u C for 30 s and 68 u C for 60 s. The DNA sequences for the isolates were compared with all known sequence data in the GenBank, EMBL and DDBJ databases using the BLAST algorithm (Altschul et al., 1990) . Multiple alignment and calculation of nucleotide substitution rates (K nuc values) as described by Kimura (1980) and reconstruction of phylogenetic trees by the neighbourjoining method (Saitou & Nei, 1987) were performed using the CLUSTAL W program (Thompson et al., 1994) . The robustness of the topology of phylogenetic trees was evaluated by bootstrap analysis based on 1000 replications. Alignment gaps, primer regions for PCR amplification and unidentified base positions were not taken into consideration for the calculations. The phylogenetic tree of the new isolates and their related species based on 16S rRNA gene sequences is shown in Fig. 1(a) . The 16S rRNA gene sequences of strains A191 T , A192 and A193 were identical to each other, suggesting that they belong to the same species. They were also positioned within the genus Streptomyces, their closest relatives being Streptomyces alni JCM 16122
T and Streptomyces ferralitis JCM 14344 T with a sequence similarity of 97.9 and 97.2 %, respectively. The above-mentioned values are sufficiently low to suggest that the novel isolates are distinct from their closest neighbours (Keswani & Whitman, 2001; Stackebrandt & Ebers, 2006) . A phylogenetic tree based on gyrB gene sequences was also reconstructed (Fig. 1b) . Levels of gyrB sequence similarity between the novel isolates and S. alni DSM 42036 T and S. ferralitis JCM 14344 T were 95.0 and 89.0 %, respectively. Hatano et al. (2003) reported that a gyrB sequence similarity of approximately 96.5 % would correspond to 70 % DNA-DNA relatedness, thereby suggesting that the isolates are distinct from their closest species. Since the isolates were found to share completely identical 16S rRNA gene and gyrB sequences, as described above, we designated A191 T as the type strain and further studied its genetic, morphological and biochemical characteristics. The DNA base composition, i.e. the guanine-plus-cytosine (G+C) content, was determined by HPLC, as described by Tamaoka & Komagata (1984) . The G+C content of the genomic DNA from the isolates was 71.3 mol%, which is consistent with the values (66-78 mol%) reported for other members of the genus Streptomyces (Kämpfer, 2012). Total lipids were extracted from bacterial cells according to the method of Bligh and Dyer (1959) . Phospholipids were analysed by two-dimensional TLC. The crude lipid of strain A191
T was separated twice on Silica gel 60 TLC plates (Merck) with two solvent systems, one being chloroform/ methanol/water (65 : 25 : 4, by vol.) and the other chloroform/methanol/acetic acid/water (80 : 12 : 15 : 4, by vol.). Crude lipid of S. alni JCM 16122
T was used as control. A 50 % sulphuric acid solution was used to detect spots of total lipids. a-Naphthol/sulphuric acid, Zinzadze (Dittmer) reagent and ninhydrin were used for the detection of sugars, phosphate and free amino groups, respectively. The lipid profile of strain A191
T contained phosphatidylethanolamine, a marker lipid of the genus Streptomyces (Lechevalier et al., 1977; Kämpfer, 2012) . Fatty acid methyl esters were prepared using a Nakarai fatty acid methylation kit, and were analysed using a Parvum2 gas chromatograph-mass spectrometer (Shimadzu) under the following conditions: column, Rxi-5ms capillary column (30 m60.25 mm i.d.; purchased from Restek); injection volume, 1 ml; carrier gas, helium (17 ml min , and 330 u C for 3 min. The ionization energy for electron impact ionization was 70 eV. The characteristic branched fatty acids found were iso-C 15 : 0 , anteiso-C 15 : 0 , iso-C 16 : 0 , iso-C 17 : 0 and anteiso-C 17 : 0 (Table 1) , which are consistent with patterns of known species of the genus Streptomyces (Kämpfer, 2012).
Phenotypic characteristics of the new isolates were subsequently studied. S. alni JCM 16122 T and S. ferralitis JCM 14344 T were obtained from the Japan Collection of Microorganisms (JCM) and used for comparison. The Gram reaction was tested as described by Yokota (1999) . The physiological features of the isolates were analysed according to the methods described by Shirling and Gottlieb (1966) . Bacterial cells of each strain were grown in 10 ml YM broth for 1 week at 30 u C and harvested by centrifugation (3000 g for 10 min). The harvested bacterial cells were washed three times with sterile water and suspended in 10 ml sterile water. Fifty microlitres of the cell suspension was inoculated onto ISP2 medium (yeast extract/malt extract agar), ISP4 medium (inorganic salts/ starch agar), ISP5 medium (glycerol/asparagine agar), ISP6 medium (yeast extract/iron agar), ISP7 medium (tyrosine agar) and ISP9 medium (Pridham-Gottlieb carbon utilization agar). After incubation at 30 uC for 2 weeks, the physiological characteristics of the strains were observed. The results of physiological testing are summarized in Table 2 . The isolates were Gram-reaction-positive, which is consistent with known species of the genus Streptomyces. However, the isolates could be differentiated from their known neighbours based on colony morphology and carbon assimilation patterns. Exocellulase, endocellulase and xylanase activities were determined as described by Fujii et al. (2011) . The isolates were shown to possess these enzyme activities, while detectable cellulase activity was not found for S. alni or S. ferralitis under our assay conditions (Table 2) .
To observe the morphology of strain A191 T by scanning electron microscopy, the strain was grown on ISP2 agar medium at 30 u C for 7 days, and cells were washed three times with sterile water and fixed with 2.5 % glutaraldehyde in 0.05 M phosphate buffer (pH 7.0) for 4 h at room temperature. The fixed cells were subsequently washed with 1 ml of 0.05 M phosphate buffer (pH 7.0) three times, dehydrated through a graded (50, 70, 80, 90 and 100 %) ethanol series and frozen in 100 % t-butanol at 280 u C. The cells were then freeze-dried for 3 h using an FD-1000 freeze drier (Tokyo Rika) and sputter-coated with gold using an SC-704 coater (Sanyu Electron). The coated cells were observed using a JSM-6360 scanning electron microscope (JEOL). Electron microscopy revealed that strain A191
T formed smooth-surfaced spherical spores on the edge of a straight hyphal chain of approximately 0.5 mm diameter (Fig. 2) .
As described above, it is suggested that the isolates belong to the genus Streptomyces but are distinctive from known species of the genus Streptomyces. Therefore, to obtain more conclusive information on the relationship between the new isolates and other species of the genus Streptomyces, DNA-DNA hybridization experiments were performed by microplate hybridization methods (Ezaki et al., 1989) using photobiotin labelling. Table 3 shows the DNA-DNA hybridization values among these species. While hybridization values of ¢70 % were determined among the isolates, relatively low values were found among strain A191 T and its closest neighbours (approx. 33 %). It has been recommended that a phylogenetically defined species consists of strains that exhibit ¢70 % DNA-DNA hybridization values (Wayne et al., 1987) , and therefore our findings clearly indicate that strains A191
T , A192 and A193 are conspecific but distinct from the closest known species of the genus Streptomyces.
As described above, phylogenetic analysis based on 16S rRNA and gyrB gene sequences suggests that strains A191
T , A192 and A193 are distinct from their closest neighbours, S. alni and S. ferralitis. Several phenotypic differences also support these phylogenetic data. Low DNA-DNA relatedness clearly demonstrated that the isolates are distinct from their neighbours and therefore strains A191
T , A192 and A193 are considered to represent a novel species of the genus Streptomyces, for which the name Streptomyces abietis sp. nov. is proposed.
Description of Streptomyces abietis sp. nov.
Streptomyces abietis [a.bi9e.tis. L. n. abies -etis a silver-fir and also a botanical generic name; L. gen. n. abietis of Abies referring to the isolation of the strains from a forest of Abies sachalinensis (Sakhalin fir)].
Aerobic, Gram-reaction-positive actinomycete that develops light brown aerial and substrate mycelia on yeast extract/malt extract agar, while cream aerial and white substrate mycelia are found on inorganic salts/starch agar and glycerol/asparagine agar. Hyphae are abundant and well-developed, and smooth-surfaced spores are borne on the edge of a straight hyphal chain. No melanin production is observed on peptone-yeast extract-iron agar or tyrosine agar. D-Glucose, D-fructose, cellobiose, D-xylose, L-arabinose, myo-inositol and D-mannitol are utilized as sole carbon sources. No growth is noted on sucrose. Exocellulase, endocellulase and xylanase are produced. Phosphatidylethanolamine, a marker lipid of the genus Streptomyces, is detected. The major cellular fatty acids are iso-C 16 : 0 , iso-C 15 : 0 , anteiso-C 15 : 0 and anteiso-C 17 : 0 .
The type strain, A191
T (5NBRC 109094 T 5DSM 42080 T ), was isolated from soil of a pine forest. The DNA G+C content of the type strain is 71.3 mol%. A192 and A193, isolated from a similar source, are other strains of the species. 
